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Abstract:  We present here new experimental results on high contrast 
imaging of 10-7 at 4.5λ/D (λ=0.820 microns) by combining a circular focal 
plane mask (coronagraph) of 2.5λ/D diameter and a multi-Gaussian pupil 
plane mask. Both the masks were fabricated on very high surface quality 
(λ/30) BK7 optical substrates using nano-fabrication techniques of 
photolithography and metal lift-off. This process ensured that the shaped 
masks have a useable edge roughness better than λ/4 (rms error better than 
0.2 microns), a specification that is necessary to realize the predicted 
theoretical limits of any mask design. Though a theoretical model predicts a 
contrast level of 10-12, the background noise of the observed images was 
speckle dominated which reduced the contrast level to 4x10-7 at 4.5λ/D. The 
optical setup was built on the University of Illinois Seeing Improvement 
System (UnISIS) optics table which is at the Coude focus of the 2.5-m 
telescope of the Mt. Wilson Observatory.  We used a 0.820 micron laser 
source coupled with a 5 micron single-mode fiber to simulate an artificial 
star on the optical test bench of UnISIS.  
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1. Introduction  
Direct optical/near-IR (λ = 0.5 to 2.2 microns) high contrast imaging at a dynamic range of 
10-9to 10-10 of nearby stars has recently emerged as one of the viable methods to detect extra-
solar planets, thanks to recent work on how to control the diffraction pattern of star-light 
using focal plane masks (including classical coronagraphs), and spatially shaped or apodized 
pupil plane masks [1-12]. However, realizing contrast levels of 10-9 to 10-10 is proving to be a 
challenging task even in a laboratory environment with a laser source as the artificial star (see 
for eg. [3,22]). The major challenges are: a) fabricating masks with edge rms errors better 
than λ/4 in order minimize scattered light from the edges; b) minimizing scattered light from 
optical components in the detection system; and c) minimizing the rms error in the wavefront 
itself [13-14] to reduce the effects of speckles.  
Here we report new results from lab experiments on high contrast imaging using a 
combination of a circular focal plane mask and a multi-Gaussian shaped pupil plane mask. 
These experiments were conducted on the optics table of the University of Illinois Seeing 
Improvement System (UnISIS). UnISIS is an adaptive optics (AO) system at the Coude focus 
of the 2.5-m Telescope of the Mt. Wilson Observatory (see [15-19]). We used the nano-
fabrication technology of photolithography [20] to make both a circular spot for the focal 
plane mask and multi-Gaussian shaped pupil plane masks on extremely high quality BK7 
optical substrates (λ/30 for λ=0.8 microns; 5 to 10 dig scratch or better). The shaped pupil 
mask was manufactured at the Pennsylvania State University nano-Fabrication facility while 
the circular spot focal plane mask was made by a commercial company. We describe the 
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motivation and the coronagraph design in Section 2, the experimental setup and data 
recording in Section 3 and results and discussion in Section 4. 
2. Motivation and design considerations for the shaped pupil mask and coronagraph for 
UnISIS 
UnISIS is a high-order AO system with a recently upgraded control system that operates at an 
up-date rate as high as 1.6 KHz.  Because we anticipate it to produce Strehl ratios of 0.5 – 0.6 
under 1 arcesec seeing conditions (and even higher under sub-arcsec seeing conditions), we 
are motivated to assemble a high contrast imaging system to meet the following objectives: 1) 
to achieve a dynamic range near bright stars that is ≤10-5 in the angular zone 4.5 to 6λ/D on 
the sky, 2) to accommodate the wavelength range 0.8 microns to 1.65 microns, 3) to work 
within the outer working angles of the UnISIS AO (12λ/D at 0.8 microns and ~6λ/D at 1.65 
microns, see [10-11]), and 4) to match the coronagraph to the 2.5-m telescope’s large central 
secondary and its unusual tertiary and secondary mirror support vanes.    
For our first order system we considered a simple multi-Gaussian pupil mask that we 
inserted at a conjugate pupil plane (see Figs 3(a) and 3(b)). The first promising shaped pupil 
mask was designed by Spergel [12] and subsequently many others have appeared [1,4,8, and 
references therein]. For pupil masks with a simple Gaussian design, the top and bottom edges 
of the open areas are defined by Gaussian functions:  
yt = aR{exp[-(αx/R)2] –exp(-α2)}, and  yb = -bR{exp[-(αx/R)2] –exp(-α2)}               (1)  
where x goes from –R < x < R. The variables a, b, and α, are free parameters that can be 
optimized for a given telescope configuration. Since the Fourier transform of a Gaussian is 
another Gaussian, the intensity of the diffraction pattern along one axis in the image plane 
decreases exponentially.  This is denoted as the high contrast axis. Thus variables a, b, and α 
can be used to optimize the aperture for depth of contrast, the inner working angle, and the 
azimuthal area of high contrast.  For UnISIS the pupil mask was designed in such a way that 
it blocks the large central obscuration and the tertiary mirror support structure of the 2.5m 
telescope and at the same time maximizes the throughput (~20%) along two wide sectors in 
the focal plane for high contrast imaging. The only down side of this particular design is its 
somewhat high inner working angle of 4.5λ/D.  
During the course of our work (see Sections 3 and 4 below), we recognized that both the 
number and the intensity of speckles was adversely affecting the dynamic range of the high 
contrast imaging.  This could be caused by one of two effects: (1) the absence of dynamic 
wavefront error minimization in the final imaging optics (which all come after the UnISIS 
AO corrections) unlike [3, 22], or (2) that the bright star light was simply scattering from 
various optical elements including the edges of the pupil mask. We decided to address point 
two by introducing a hard-stop focal plane mask of 2.5λ/D that will affectively prevent the 
transmission of unneeded light from the central star fully recognizing that the scattered light 
from the hard stop might introduce its own subsidiary effects.  Theory and design of hard-stop 
coronagraph systems with an optimized circular Lyot stop have been described by [21]. For a 
system with a hard focal plane stop, they define the ideal Lyot stop diameter as  
                                         Ld = D – (F)*2D/s                                                                (2) 
where D is the telescope diameter and s is the width of the focal plane mask in the natural 
units of λ/D. F is a free variable called the Lyot fine tuning parameter. Simulations reported in 
[21] show that simultaneously optimizing dynamic range and throughput leads to a number of 
F = 0.4 to 0.5 for an optical system similar to the Palomar or Gemini telescopes. For the 2.5-
m telescope with its large central obscuration, we find an optimal solution with a focal plane 
mask of 2.5λ/D to require F values between 0.35 and 0.4. So in our unique situation, instead 
of a circular Lyot stop of constant F value, we have a multi-Gaussian shaped pupil mask 
whose F value varies between 0.25 and 0.45 but has an average value close to 0.35. It is likely 
that a focal plane mask of 3.5λ/D or 4λ/D in combination with the present Gaussian pupil 
mask may give even better performance, and we plan to fabricate and test such a mask in the 
(C) 2005 OSA 4 April 2005 / Vol. 13,  No. 7 / OPTICS EXPRESS  2396
future. In section 4 below, we present our simulations along with experimental results.  Note 
that the present test-bed experiment with an artificial star source is a prelude to actual sky 
observations with UnISIS plus the final imaging optics that we test here. 
3. Experimental setup for coronagraph and Gaussian shaped pupil plane mask on the 
UnISIS optics table 
Figure 1(a) shows the design of the multi-Gaussian shaped pupil mask (GSPM) created on a 
BK7 optical substrate using photolithography. Figure 1(b) is a magnified photograph that 
shows the encircled part of the GSPM in (1a). The photograph clearly demonstrates the scale 
of the smoothness at the Gaussian edges which was found to be better than λ/4 (0.2 microns). 
However, the photograph also reveals pinhole defects introduced during photo-resist lift-off 
from the substrate. In order to get rid of these defects, another sample was made that did not 
have such defects within the central useable area with a 6.7mm diameter. This pupil mask is 
designed very specifically for the 6.7mm diameter conjugate telescope pupil plane on the 
UnISIS optics table.        
 
Fig. 1. (a). The design of the Gaussian mask.  1b). Enlarged high resolution image (taken at the 
nano-fab facility) of the encircled defective region in Fig. 1a showing the smoothness of the 
edges (note the scale of 20 microns; rms error on the edges was measured to be about 
0.2microns) as well as pin-hole defects and residual metal at the Gaussian edge. Such defects 
were not present in the second sample which was used for the experiment.  
Figure 2(a) shows the final pupil mask mounted in its holder. On the UnISIS optics table the 
test setup is arranged such that, with the help of a kinematically mounted folding mirror (M1, 
see Figs. 2(b) and 3), we have a choice of feeding light to the pupil mask with an artificial star 
(a single mode fiber source at 0.82 microns) for system characterization tests or feeding light 
to the pupil mask with a real on-sky star (UnISIS AO corrected star from the 2.5-m 
telescope). Our optical system also incorporates a 200 micron circular spot (2.5λ/D) as a focal 
plane mask (position I1 in Figs. 2(b) and 3) manufactured using the same process as that of 
the pupil mask but purchased commercially. Figures 2(b) and 3 show the optical setup on the 
UnISIS optics bench. It is worth mentioning here that the entire UnISIS optical bench is both 
thermally isolated and as well as protected from external scattered light with a tightly sealed 
cover. We also monitor the temperature difference across the optics table to minimize air flow 
and turbulence in the optical path during our experiments.       
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Diode laser light at 0.82 micron was fed into the 5-micron core of a single mode fiber 
using a standard coupler in such a way that the far (polished) end of the fiber served as an 
artificial star source for the lab experiment. All optical elements including the lenses used in 
the experiment have surface qualities of at least λ/30 at the 0.82 micron wavelength so the 
entire optical setup is diffraction limited (cf. Fig. 4(a)). Focal plane images were recorded 
with liquid nitrogen cooled 2048x2048 back illuminated Loral CCD with a quantum 
efficiency of 72% at the laser wavelength. The CCD has pixels 15 microns on a side and an 
rms read noise of 8.8 electrons. The effective plate scale on the detector with the present 
optics is about 6 pixels per resolution element (λ/D @ λ=0.82 microns) or 0.015 arcsecs per 
pixel on the sky. Therefore the images are adequately sampled for high contrast imaging.  
Figure 4(a) shows a log stretched diffraction limited image of the artificial star before 
introducing the GSPM in the pupil plane and the focal plane mask in focal plane.          
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Fig. 2. (a) (left): Photograph showing the GSPM replicated on a 25 mm diameter 
BK7 substrate mounted in its holder. (b) (right): Sketch of the basic optical train of 
the test-bed set up shown in Fig. 3. Some of the elements that were not used 
(flipped) for recording the coronagraphic images are eliminated in this sketch, like 
the Pupil Re-Imaging Lens, the Dichroic Beam Splitter, Flip Mirror (M2), and the 
video camera (located on kinematic mounts between the Imaging Lens L3 and the 
CCD).    
 
Fig. 3. Optical setup of the test-bench on the UnISIS  AO optics table. Legend: Smf =Single 
mode fiber artificial star L1=Imaging Lens for image plane I1, I1=1st Image plane (for test-
bench Coronagraph; focal plane mask), M1=Flip Mirror (for bending the beam), 
L2=Collimator Lens, GSPM=Gaussian Shaped Pupil Mask, L3=Final Imaging Lens onto the 
detector, DC=Dichroic Beam Splitter (50-50 between optical/NIR), M2=Flip Mirror 2, for 
redirecting the beam onto a video camera  (VC) solely used for optical alignment purposes.  
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Figure 4(b) shows an image of the illuminated pupil. This pupil image was recorded by 
the CCD after introducing another lens identical to L1 between L3 and the CCD detector. 
(This additional lens is not shown in Fig. 3). The pupil re-imaging lens is mounted in such a 
way that it can be easily inserted and removed for pupil alignment. The sole purpose here is to 
align and focus the GSPM. We believe that the intensity variations (the features in grey) seen 
within GSPM are due to scattered light entering the camera at larger angles (> the f/81 
imaging optical train) during this test with pupil re-imaging lens.  This re-imaging lens is 
removed for the actual high contrast imaging experiment.  Thus the diffraction limited image 
of a point source and the well illuminated and sharp pupil image, shown in Figs. 4(a) and 4(b) 
respectively, confirm the alignment of the optics. Finally, the focal plane mask was 
introduced at I1 for high contrast imaging. 
 
 
The dynamic range of the CCD and its 16 bit ADC controller is 6.5x104. In order to obtain 
higher dynamic range images of 10-10 or greater, we obtained images at exposures times of 
0.01s, 0.1s, 1s, 5s, 10s, 60s and 120s, and for each exposure time 9 images were recorded to 
provide better statistics. Thus a 0.01s exposure shows only the brightest parts of the 
coronagraphic image. 10s, 60s, or 120s images show the faintest signals along with the 
saturated brighter regions. Given that the detector is linear, signals from the brighter regions 
can be estimated from the images of the shortest exposure times. Every image was bias 
subtracted, background subtracted and flat-fielded. All image analysis was done using the 
IRAF (Image Reductions Analysis Facility; see http://iraf.noao.edu) software package. Figure 
5b shows the median of nine 10s images where a dynamic range of 10-9 was achieved, and the 
corresponding line profile across the “red” line is shown in Fig. 6. The pixels within ±2λ/D 
from the centre are saturated due to spill-over of light from the edges of the coronagraph.      
4. Results and discussion 
Figure 5(a) shows the simulated model PSF for the case that contains both the 2.5λ/D circular 
focal plane mask and our GSPM in the pupil plane. The simulated model is constructed based 
on principles of Fraunhofer-diffraction (far-field approximation) in which the pupil and the 
focal plane are Fourier transforms of each other [21]. For the model calculation, we placed a 
uniformly illuminated circular telescope pupil (with no atmosphere above it) in square array 
filled with zeros.  The square array was 6 times larger than the telescope aperture thus 
providing 6 samples over one resolution element (λ/D). We then followed the simulation 
procedures as described by [21]. The commercially available IDL software package was used 
a) b) 
Fig. 4 (a) (left) Laser 0.82 micron point source log stretched negative image 
showing the Airy pattern before introducing the focal plane mask (coronagraph) at 
the focal plane and GSPM at the pupil plane. (b) (right) a positive log stretched 
image of the uniformly illuminated GSPM (see text for details). The pupil re-
imaging lens has a wider field of view than the f/81 principal beam of the optical 
train. The intensity variations seen within the GSPM are probably due to light 
scattering and multiple reflections from the two surfaces of the BK7 substrate as 
well as light scattered at larger angles as seen by the pupil re-imaging lens.     
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for the PSF model calculation. The analogous experimental configuration is shown in Fig. 
5(b).  
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) (left) Theoretically simulated model PSF with 2.5λ/D focal plane mask and the 
GSPM (negative image). (b) (right) The observed PSF (log stretched negative image) on the 
UnISIS optics table using 0.82 micron laser source coupled with a 5 micron single mode fiber 
as an artificial star. Note that the high contrast region is along the “red” line in the images. The 
observed PSF is the median of nine 10s images (in (b)). The image shows many speckles (tiny 
back dots) in the high contrast region making the background speckle-noise limited rather than 
detector-noise limited. See text for details. 
 
A qualitative comparison between the two PSF images shows striking similarities 
although the background noise in the observed PSF was found to be significantly higher and 
speckle dominated. Line profiles across the “red” lines in the images are shown in Fig. 6. The 
contrast levels quoted here are normalized with respect to the un-obscured artificial star 
(occulting focal plane mask removed) and with our GSPM at the Lyot plane. If we ignore the 
region inside a radius of 4.5λ/D, the high points in the experimental profile scatter around a 
contrast level of 4x10-7 while the valleys scatter around a contrast level of 8x10-8. The total 
dynamic range in the image was 10-9 so our experimental setup met the challenge. Since the 
noise in the image was dominated by speckles at contrast levels of 10-7 to 10-8, there was no 
need to increase the dynamic range beyond 10-9 in this lab experiment.  In the near future with 
the help of a larger focal plane mask of 3.5λ/D or 4λ/D it may be possible to lower the 
number and intensity of the speckles. Note that from the images recorded using GSPM alone 
we found a dynamic range of 6x10-6 at 5.5 - 6λ/D. Both the number and the intensity of 
speckles were significantly lower once the hard focal plane mask was added (see section 2).  
The other published results that approach similar contrast levels in coronagraphic or pupil 
plane mask imaging are those of [3] and some what better by [22]. The aims of these authors 
were somewhat different from ours. In Ref. [3] the experimental bench-mounted optics had 
no focal plane obscuration and used a prolate spheroidal pupil mask manufactured by laser 
cutting, and yet in ref. [22] there was a precisely made apodized coronagraph. Both had 
optical systems that incorporated a deformable mirror in the imaging section which made it 
possible to interactively reduce wavefront errors to something below 1.8 nm rms. By doing 
so, [3] reached a dynamic range of 8x10-8 (peaks) to 2x10-8 (valleys) beyond 8λ/D and [22] 
reached 3x10-9 at 4λ/D. We feel gratified to obtain a dynamic range similar to that reported in 
[3] but at radial distances as close as 4.5λ/D to our test star. In fact, without any simple means 
to further correct the wavefront errors in the as-built UnISIS coronagraph which we have 
tested here, any “non-common path” aberrations (i.e., those not controllable with the UnISIS 
deformable mirror) could hamper our efforts to successfully complete high contrast imaging. 
Thus the results from the present experiment provide an upper limit in terms of a dynamic 
range that can be achieved with the UnISIS final imaging optics, a limit that surpasses our 
a) b) 
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initial goal of ≤10-6 at 5λ/D with real sky observations. These results provide an excellent 
prognosis for future success on the sky with the UnISIS coronagraph.     
       
 
 
 
 
 
 
 
 
One additional step yet to be included in [3, 22] and in our work is PSF subtraction. In 
other words, if two high contrast images taken with the same coronagraph are subtracted from 
each other, many residual non-common path errors can be eliminated. If we work on the sky 
in this manner, we will have a coronagraph that is, by itself, capable of pushing toward a 
contrast level in the range of 5x10-8. Long before we reach this level with observations of 
objects on the sky, undoubtedly we will encounter other troublesome barriers associated with 
the details of obtaining high Strehl AO corrected images. Extreme AO is a discipline that, no 
doubt, will require persistence in beating back a whole series of barriers in terms of 
achievable contrast ratios. The test of our coronagraph described here is just the first step.  
A comparison with an optimized classical coronagraph [21] shows that, in this case, in the 
final image plane residues of the circular diffraction pattern remain at contrast levels of 10-5 to 
10-6 with respect to their un-occulted test star at ~6λ/D (and poorer contrast levels at smaller 
radii). We simulated a classical optimized coronagraph with a 2.5λ/D focal plane stop, 99.9% 
Strehl and F=0.5, and our simulation reached ~5x10-6 at 5λ/D. Such circular residual patterns 
are absent along the high contrast axis in the case of the GSPM. From our model calculations 
of the combined 2.5λ/D circular focal plane mask and GSPM, the background residues are at 
10-12 contrast levels, thus significantly enhancing the theoretical limit of the dynamic range. 
In the real world, the “hybrid coronagraph system” (focal plane mask + GSPM) will have the 
added advantage of blocking scattered star-light in the optical train, but its benefits will be 
realized only at higher Strehls (≥70%).   
Observed  
Model 
Fig. 6. A comparison of line profiles showing normalized contrast levels of 
observed and model PSF across the “red” line in the high contrast region (see 
Figs. 5(a) and 5(b). The difference between the two is mainly due to speckle noise 
in the observed PSF line profile. The y-axis represents the normalized dynamic 
range or the contrast level (normalized with respect to the peak intensity of the un-
obscured test star with the GSPM at the Lyot plane). The two bold solid lines at 
±1.25λ/D show the width of the 2.5λ/D focal plane mask. Also, between ±2λ/D 
the observed line profile is saturated due to spill-over of scattered light over the 
edges of the focal plane mask.  
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In a broader context, we would like to emphasize the advantages of the coronagraph 
configuration we have tested here, namely a 2.5λ/D on-axis hard spot in the focal plane and a 
GSPM in the pupil plane. If the focal and pupil plane masks are manufactured with the 
exquisitely precise techniques of nanofabrication, then it is likely that the best ground-based 
Extreme AO systems as well as precision space-based telescopes will be able to explore the 
interesting regions in the near vicinity of stars like imaging disks around young stars and 
searching for substellar dwarfs as faint companions. The regions around bright galaxy nuclei 
will also be interesting as point sources and jets in these regions (and possible disk-like 
features) will be detectable with the best optical configurations. 
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